T he discovery of catalytic RNAs (ribozymes) by Altman (1) and Cech (2) in the early 1980s entirely changed our views of the RNA molecule. This breakthrough led to a remarkable increase in knowledge about the folding of RNA molecules and their activity. Currently, tiny RNA molecules-microRNAs (3) and small interfering RNAs (4)-are transforming our thinking about how gene expression is regulated. In addition, the high-resolution crystal structures of the bacterial ribosome subunits (5, 6) have boosted by orders of magnitude the database of possible RNA structures and motifs. Also appearing are exciting crystal structures of self-splicing group I introns (7, 8) . On page 104 of this issue, Krasilnikov et al. (9) promote our understanding of RNA structure still further. They report the crystal structure of the specificity (S) domain of ribonuclease P (RNase P) from the bacterium Thermus thermophilus.
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The ribozyme RNase P is a ribonucleoprotein particle that induces maturation of the 5′ end of transfer RNAs (tRNAs). RNase P is present in bacteria, archaea, and eukaryotes, and elements of its RNA component are highly conserved. There are two types of bacterial RNase P based on sequence alignments of the RNA component: type A (from Escherichia coli and T. thermophilus) and type B (from Bacillus subtilis) (10) . Type B RNase P RNA sequences, derived from the ancestral type A form, are found exclusively in select branches of the largest group of Gram-positive bacteria, which includes pathogens such as B. anthracis. Biochemical and biophysical data show that RNase P RNA is composed of two independent domains: the catalytic domain and the S domain (11) . The S domain recognizes and binds to the pre-tRNA substrate through the highly conserved thymine loop of pre-tRNAs. Despite the invariant structure of the pre-tRNA substrate, the RNA components of type A and type B RNase P show characteristic differences in their secondary structure (see the figure).
What Krasilnikov et al. (9) address is how to build a similar recognition interface for a rather invariant substrate (pre-tRNA) from RNase P RNA secondary structures that are only partly conserved. First, the investigators solved the crystal structure to 2.9 Å of the S domain of the type A RNase P RNA from T. thermophilus. Then, they directly compared the secondary and tertiary structures of this molecule to those of the type B RNA S domain of B. subtilis, whose crystal structure they solved to 3.15 Å last year (12) . Their study offers structural insights into how evolution has tinkered with the elegant architecture of RNA.
RNA folding can be viewed as hierarchical, with preformed helical domains associating into helical bundles leading to compact tertiary structures driven by interactions between RNA-RNA anchor modules. A snapshot of ribozyme evolution. The secondary structure and tertiary fold of the S domain of type A (from T. thermophilus) and type B (from B. subtilis) RNase P RNA. The main interaction points of the pre-tRNA substrate with the S domain are indicated in yellow. Krasilnikov et al. (9) compared the conserved parts of the central component P11 and L11/12 of the tRNA recognition region for type A and B RNA and found the root-mean-square deviation to be about 1.6 Å indicating that the core region is conserved even though the secondary structure differs. The principal RNA-RNA contacts are indicated by gray arrows (which point from the adenines to the shallow/minor grooves of the contacted helices). The common orientation is along the P8-P9 coaxial stack of helices. Coordinates are from (9, 12).
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pairs (P13/P14, P10.1, P8/P9) is grafted onto a similar core. Surprisingly, the crystal structure of the ribosome as well as of other RNAs demonstrate a recurring motif: that is, long-range RNA-RNA anchors mediated by adenine bases that make contact with the shallow minor grooves of two stacked base pairs of RNA helices (14) . RNA has a remarkable propensity for contributing two contiguous adenines to such A-minor interactions. Sometimes the consecutive adenines belong to GNAA tetraloops, but other RNA motifs also are able to fold with two adenines poised for binding to the shallow/minor groove of a helicoidal region. The proper conformation of these adenines is generally ensured by other local interactions involving one edge of the adenines, leaving the other edges free for further long-range interactions.
The four RNA-RNA contacts (indicated by arrows in the figure) are all mediated by A-minor interactions. Strikingly, the anchoring of the subdomains is via A-minor anchoring motifs between different peripheral domains, even though they are embedded within very different structural contexts. In type A RNA, adenines in the heptaloop L13 and the tetraloop L14 contact stacked base pairs in P12 and at the base of P8, respectively (9) . But in type B RNA, adenines in the apical loop of P12 contact a special motif in P10.1, and a single-stranded region organizes itself in a loop with two adenines contacting the stack between P7 and P10 (12) . Thus, with A-minor anchoring motifs, nonhomologous peripheral elements can form different and mutually exclusive long-range contacts to promote an identical functional purpose: the stabilization of the helical stems that build the recognition core (helices P7 to P11) that correctly positions the substrate. There is increasing awareness of the structural importance of peripheral RNA domains in the evolution and function of RNAs. For example, peripheral domains of the small hammerhead ribozyme identified in sequence alignments affect its catalytic activity (13) .
RNA structural bioinformatics is based on comparative analysis, which searches for coordinated events in sequence evolution to infer spatial relationships. The structural knowledge gained by comparing sequences of homologous RNAs is unequaled: All of the long-range contacts discussed above have been identified by comparative analysis (15, 16) .Y e tt h ee xquisite atomic views of such contacts would not have been possible without crystallography. Furthermore, the two crystal structures offer definite clues about conserved residues (especially bulges or unpaired regions) that were clearly seen as conserved in sequence alignments but whose role was unclear. The next challenge resides in the integration of the rich and complex threedimensional information gained by crystallography with the ever-increasing number of sequence databases. The implication is that systematic comparisons between crystal structures and aligned sequences should tease apart the key molecular connections that maintain biologically functional RNAs. The goal is to derive the rules of molecular evolution that govern the RNA world, which forms the origin of our DNA-based modern life.
